Introduction
In the quest for new biofuels, anaerobic digestion of macroalgae should be seen as a promising source of bioenergy in the future. Algae have several advantages over other energy crops, including high growth yields and rates, the capacity to capture CO 2 , and do not compete with food crops for arable land and irrigation water. The anaerobic digestion is a multifunctional process that allows nutrient recycling, production of biogas, a sustainable bioenergy carrier, and reduction of waste volume (Appels et al., 2011; Mottet et al., 2010) . Macroalgae (or seaweeds) have high concentration of carbohydrates, making it a good substrate for biogas production through anaerobic digestion processes (Costa et al., 2013) .
Gracilaria vermiculophylla is a species of red seaweed, originally from Japan, and recently found in European waters as an invasive http://dx.doi.org/10.1016/j.biortech.2014.03.155 0960-8524/Ó 2014 Elsevier Ltd. All rights reserved.
species (Villanueva et al., 2010) . In Portugal, G. vermiculophylla populations can be found in Ria de Aveiro , a geographical area with strong anthropogenic influence, such as cities, tourism, fishing activities, aquaculture and agriculture, resulting in high concentration of nitrogen and consequently in eutrophication of the marine environment (Abreu et al., 2011) . The anaerobic digestion of the macroalgae will concomitantly reduce environmental problems and produce a renewable energy. The theoretical methane production potential of Gracilaria is 400 L CH 4 kg À1 VS (Bird et al., 1990) . However, the Biochemical Methane Potential (BMP) of Gracilaria spp. experimentally determined was 182 ± 23 L CH 4 kg À1 VS, i.e. less than 50% of that value (Costa et al., 2012b) , giving rise to opportunities for improving substrate utilization and methane production, including pre-treatment and co-digestion strategies. The overall anaerobic digestion process of macroalgae alone and in co-digestion with sewage sludge was limited by the hydrolysis (Costa et al., 2012b) . Physical, chemical and thermochemical pre-treatments might be suitable to increase the hydrolysis rate as demonstrated for other types of wastes (Costa et al., 2012a) .
On the other hand, the co-digestion of two or more complementary substrates may induce a synergetic effect on their biodegradability, causing an increase in the methane yield and production rate. In the case of seaweeds, their high protein content requires the co-digestion with a co-substrate with high concentration of carbon and deficit in nitrogen (Costa et al., 2013) . Glycerol is a by-product of biodiesel manufacturing industry and, nowadays, its growing production exceeds the commercial demand (Johnson and Taconi, 2007; Siles et al., 2010) . Options for the biological conversion of glycerol into added value products are becoming increasingly important, including anaerobic co-digestion with several substrates (Ma et al., 2008; Fountoulakis et al., 2010; Regueiro et al., 2012) . Glycerol, being an easily acidifying compound, its amendment as co-substrate should be carefully evaluated in order to prevent process imbalance. In general, addition of glycerol up to 6% can significantly boost the methane production, but higher concentrations can be inhibitory (Fountoulakis et al., 2010; Amon et al., 2006) .
Co-digestion with sewage sludge is another process that can improve the methane production from seaweeds. It was already demonstrated that the co-digestion of Ulva sp. (15% TS) with sewage sludge (85% TS) is feasible at a rate of methane production 26% higher than sewage sludge alone, without decreasing the overall biodegradability of the substrate (42-45% methane yield) (Costa et al., 2012b) .
The aim of this study was to assess the effect of physical and thermochemical pre-treatment on the methane yield and methane production rate of G. vermiculophylla. Co-digestion with glycerol and sewage sludge was also evaluated as alternatives to improve the energetic valorisation of G. vermiculophylla.
Methods

Inoculum and substrate
Anaerobic granular sludge from a wastewater treatment plant, located in the Centre of Portugal, which treats brewery's wastewater, was used as inoculum in all biodegradability assays. The sludge samples contained 38.9 ± 2.6 g L À1 of volatile solids (VS). The specific methanogenic activity (SMA) in the presence of acetate (30 mM) was 214 ± 17 mL CH 4 @STP g À1 VS d À1 , and in the presence of H 2 /CO 2 (80/20 v/v, 1 atm) was 389 ± 16 mL CH 4 @STP g À1 VS d
À1
. SMA was determined according to described in Costa et al., (2012b) .
G. vermiculophylla was collected in Ria de Aveiro (Portugal), in March 2012, and used as the main substrate in this study. Each sample was characterised in terms of solids, chemical oxygen demand (COD), nitrogen and lipids. In co-digestion assays two substrates were used: glycerol and sewage sludge. Glycerol was produced in December 2010 from vegetable oils and stored at 4°C since then. Sewage sludge was collected in June 2012 from the secondary treatment of Frossos Wastewater Treatment Plant (WWTP) (Braga, Portugal). Both co-substrates were characterised in terms of solids and COD.
Biodegradability assays
Anaerobic biodegradability tests were used to assess the BMP and the methane production rate (k) from the seaweed G. vermiculophylla according to the scheme shown in Fig. 1. 2.2.1. Physical pre-treatments G. vermiculophylla was divided in three fractions: (i) without any pre-treatment (unwashed, UW); (ii) washed with water to remove impurities (W); and, (iii) washed and dried at 37°C (WD). Afterwards, each sample was sub-divided in two samples, without or with maceration (UW-M, W-M, WD-M). During maceration the algae were cut to less than 0.5 cm and then crushed with a mortar. The biodegradability assays lasted approximately 28 days. The objective was to determine which of the applied physical pre-treatment (washing, drying and maceration) enables higher specific methane production and production rate. The other tests (after thermochemical pre-treatment and co-digestion assays) were performed using the sample with the highest specific methane production.
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Thermochemical pre-treatments
Planning of the thermochemical pre-treatments was performed using a surface response methodology design of experiments. In this way is possible to objectively evaluate the effect on response variables and respective interactions of changing diverse process variables (factors). It uses combinations of levels, allowing the definition of a surface response to describe the interactions between the factors. A set of experiments following a design of experiments maximizes the amount of information obtained with the minimum number of tests (NIST/SEMATECH, 2012) . The response surface model Box-Wilson Central Composite Design -Face Centered (CCF) was chosen to perform the analysis. In this model, each operating point is at a distance of ±1 of the factorial central point, thus requiring three levels of each factor (NIST/SEMATECH, 2012).
The factorial design was used to determine the optimal conditions that cause higher solubilisation of G. vermiculophylla. Four factors, (i) temperature (T), (ii) pressure (P), (iii) contact time (ct), and (iv) concentration of alkali (C NaOH ), were studied at three levels (Table 1) . It is a design based on two-level factorial designs, containing a central point (CP) and 2a extra points (a is the number of variables in study, i.e. 4) to verify the influence of one factor keeping the remaining constant, or at the central level (0). The number of experiments can be determined by Eq. (1) (Rosa et al., 2007) :
The experimental assays were performed in closed vials with 50 g L À1 of total solids (TS) of G. vermiculophylla washed and macerated. Assays with overpressure (3.5 and 6.0 bar) were performed in a pressure column equipped with a pressure transducer and a regulatory valve. Column pressurisation was made through the injection of N 2 . Experiments were performed randomly. Soluble COD concentration was determined before and after thermochemical treatment. The Design-Expert Ò software (Stat-Ease Inc., Minneapolis, USA) was used to determine the array analysis and statistical processing of results. Significance was set to p < 0.05.
After carrying out the thermochemical pre-treatment four samples were selected to perform anaerobic biodegradability assays, which represent different percentages of solubilisation. Total initial COD (COD t ) was kept constant in all assays and the soluble COD after pre-treatment (COD s ) was 75, 59, 28 and 7 mg g À1 seaweed .
The pH was neutralized with hydrochloric acid (8 M) and the tests lasted around 24 days.
Co-digestion
In the first set of experiments, different co-digestion assays with G. vermiculophylla and glycerol were performed during 60 days. Glycerol was added in different percentages, i.e. 0% (control), 2%, 5%, 10% and 20% (extra mass of glycerol relative to the mass of seaweed). Then, a second set of experiments was performed using a mixture of G. vermiculophylla (15% TS) and sewage sludge (85% TS). Then, different percentages of glycerol (0%, 2%, 5% and 10%) were added to this mixture. These tests lasted around 42 days.
Experimental procedure
The biodegradability assays were performed according to the guidelines defined in Angelidaki et al. (2009) , with 50% (v/v) of inoculum, at 37°C, and with an inoculum to substrate ratio of 4 g VS inoculum g À1 VS substrate . All the assays were performed in triplicate and a blank (without substrate) was used to discount the residual substrate present in the inoculum.
Methane accumulated in the vials' headspace was measured by gas chromatography using a gas tight syringe to sample 500 lL.
Methane production was corrected for standard temperature and pressure (STP) conditions (0°C and 1 atm). BMP was determined by unit of VS of substrate added to the assays, as previously described by Costa et al. (2012a) . Relative methane production (MP) was defined as the amount of methane produced during the assays in relation to the theoretical BMP (i.e. 350 L CH 4 kg À1 COD) (Costa et al., 2012a) . Hydrolysis was evaluated considering the percentage of solubilisation (PS), which is the percentage of the initial COD added to the vials that was solubilised during the anaerobic biodegradability assay (Costa et al., 2012a) . The percentage of solubilisation during the thermochemical pre-treatment (PS pt ) was calculated as the percentage of the initial COD added to the test that was solubilised during the pre-treatment (Costa et al., 2012a) .
Analytical methods
Ammonium (N-NH 4 + ) was determined by the Nessler method (APHA et al., 1998) . Total Kjeldahl nitrogen (TKN), TS and VS were measured according to Standard Methods (APHA et al., 1998) . Total and soluble COD were determined using standard kits (Hach Lange, Düsseldorf, Germany). Lipid content was extracted with diethyl ether in a Soxtec System. The oily waste was added to thimbles previously weighted and placed in the apparatus. The temperature of the circulating heating fluid was 90°C. After extraction, the samples were dried and the weight was recorded (Official Methods of Analysis, 2007). The protein content was determined based on the TKN measurement using the correction factor 6.25 (Bruni et al., 2010; Lourenço et al., 2002; Msuya and Neori, 2008) . Carbohydrates were estimated as the remaining fraction of volatile solids after the determination of protein and lipids (Alvarez et al., 2010) . Volatile Fatty Acids (VFAs) were determined by Jasco HPLC (Tokyo, Japan), using a Metacarb column maintained at 60°C and with UV/VIS detection at 210 nm. The mobile phase was sulfuric acid (5 mM) fed at a rate of 0.6 mL min À1 . Crotonic acid was used as internal standard. Long chain fatty acids (LCFA) (lauric C12:0, myristic C14:0, palmitic C16:0, palmitoleic C16:1, stearic C18:0 and oleic C18:1 acids) analyses was done as described in Neves et al. (2009) . The LCFA were analysed in the liquid and solid matrix since they were adsorbed/accumulated onto the solid matrix. Free fatty acids present in the samples were esterified with HCl:1-propanol and extracted with dichloromethane. Quantification was done with a gas chromatograph (GC) equipped with a flame ionization detector (FID). LCFA were separated using a CP-Sil 52 CB column with helium as the carrier gas fed at a rate of 1 mL min À1 . Temperatures of the injector and detector were 220 and 250°C, respectively. The initial oven temperature was 50°C, maintained for 2 min, followed by a 10°C min À1 ramp up to 225°C and finally isothermal conditions were maintained for 10 min.
Methane content of the biogas was analysed with a GC (Chrompack 9000), as described in Costa et al. (2012a) . The GC was equipped with a FID (2 m Â 2 mm) and Carbowax 20 M (80-120 mesh) column. Nitrogen was used as carrier gas (30 mL min À1 ). The detector, injector, and oven temperatures were 35, 110, and 220°C, respectively. 
Statistical analysis
An exponential model (Eq. (2)) was used to describe the progress of cumulative methane production obtained from the batch experiments.
Where M(t) is the cumulative methane production (mg COD-CH 4 ), P is the maximum methane production (mg COD-CH 4 ), k is the methane production rate constant (d À1 ), and t is the time (d). Biodegradability results were compared after a significance statistical analysis by using a single factor analysis of variance (ANOVA). Statistical significance was established at p < 0.05 level.
Results and discussion
Substrates characterisation
Characterisation of G. vermiculophylla, glycerol and sewage sludge is shown in Table 2 . Since the seaweed was directly captured in their natural environment, the presence of impurities and potentially toxic compounds to anaerobic digestion, such as high salinity, sand, small shellfish, etc., influence their characterisation. For example, sand and small molluscs shells have a strong influence on the solids content as observed by the VS of the unwashed sample. The small soluble COD concentration, only 3-10% of the total COD, suggests the need of a pre-treatment to increase the organic matter solubilisation. TKN from G. vermiculophylla is below those found in the literature, 6-8.7% (Bird et al., 1990; Costa et al., 2012b) , featuring COD:N ratios between 22 and 31:1. The sample of crude glycerol had 16% (w/w) of LCFA, being linoleic acid (51%), oleic acid (32%), palmitic acid (11%), and stearic acid (4%).
Anaerobic biodegradability after the physical pre-treatments
The cumulative methane production from G. vermiculophylla after physical pre-treatment is shown in Fig. 2a , while the experimental results at the end of the assays are shown in Table 3 . The macerated samples achieved higher methane yields compared with the respective unmacerated samples, approximately 10% for the washed and unwashed samples, and 5% for washed and dried sample. Also, Briand and Morand (1997) found that the maceration of Ulva sp. caused an increase of 22% in the methane produced. Maceration increases the surface area making the substrate more accessible to the inoculum, facilitating a fast hydrolyses and providing higher biodegradation rates. Increases of 25-42% in the methane production rate constants were observed in the macerated samples (Table 3 ). The higher specific methane production was achieved with the washed and macerated (W-M) sample, i.e. 481 ± 9 L CH 4 kg À1 VS. It was found that the samples maceration increased the specific methane production by 8-15%. The washing process increased the methane production over 40%, confirming the presence of inhibitory compounds in the raw samples, for instance, excess salt may have caused partial inhibition of the methanogenic activity.
The drying process did not cause an increase in the macroalgae BMP, i.e. the sample WD-M produced 349 ± 44 L CH 4 kg À1 VS. This behaviour has been previously observed in the biodegradability of the macroalgae Ulva lactuca (Bruhn et al., 2011) . One disadvantage of use seaweeds as energy crops for biogas production, compared with terrestrial energy crops, is the high water content. G. vermiculophylla washed sample had less than 14% TS (Table 2) . Drying is an effective method, although expensive due to the energy consumption in the process, to decrease the water content and to improve the seaweeds storage and stability. Though the specific methane production was smaller after drying the G. vermiculophylla, it was possible to verify a methane production boost in terms of methane yield per mass of seaweed. Indeed, the WD-M sample achieved 240 ± 2 L CH 4 kg À1 seaweed, while the W-M sample produced only 45 ± 1 L CH 4 kg À1 seaweed. Therefore, drying the sample may be the only effective way to digest seaweeds in a continuous reactor, to increase the organic loading rate.
Regarding the samples solubilisation, it was observed behaviour similar to the methane production. Indeed, the PS reached 87 ± 2% in the W-M sample and 79 ± 10% in the WD-M sample. The presence of impurities, such as sand and small rocks, makes the unwashed sample more difficult to solubilise (Table 3) .
Once more, the maceration increased the values of PM and PS by 7-15%, compared with the respective fractions of unmacerated seaweed.
A significant increase in the specific methane production was observed, compared with the results presented in Costa et al. (2012b) , where the PM and PS ranged from 38% to 47% and 43% to 51%, respectively. By comparing the two studies it is possible to highlight three differences that contributed for the different results: (i) the higher inoculum to substrate ratio (ISR); (ii) the different source/type and higher methanogenic activity of the inoculum; and, (iii) the sample pre-treatment. Indeed, the present study was performed with an ISR = 4 g VS inoculum g À1 VS substrate , whereas in the previous study by Costa et al. (2012b) the ISR was lower (0.14-0.70 g VS inoculum g À1 VS substrate ) limiting the biodegradability process. Contrary to the theoretically expected, the methane potential of a given substrate depends on the inoculum type used in the assays. The low SMA of the digested sludge used in the previous study also limited the PM and PS determined. The W-M sample achieved the best results, with a BMP 10-39% higher than other samples, therefore in the subsequent biodegradability assays with thermochemical pre-treatment and co-digestion, it was used a washed and macerated sample of G. vermiculophylla, avoiding the energy needed to dry the seaweed.
Anaerobic biodegradability after the thermochemical pretreatments
Pre-treatments
The percentage of solubilisation during the pre-treatment (PS pt ) ranged from 1.1% (conditions: 30 min, 0.1 g NaOH g À1 TS, 20°C and 1 bar) and 44.3% (conditions: 30 min, 0.5 g NaOH g À1 TS, 90°C and 6 bar) ( Table 4) . The results were analysed using a quadratic model and ANOVA aiming at determine the variables with the greatest influence on the sample solubilisation and the existence of significant interactions between the variables tested. Only three variables, C NaOH (p = 0.0006), T (p < 0.0001) and P (p = 0.0001); and two interactions, C NaOH vs. T (p = 0.0141) and T vs. P (p = 0.0395) have a significant influence on the seaweeds solubility. It should be noted that lower p values means greater relevance of the term to the model. It was found that the contact time had little influence on the algae solubilisation. Therefore, the model can be described by the following equation (p < 0.0001).
ffiffiffiffiffiffiffiffiffiffiffiffi CODs p ¼ 108:7 þ 11:1B þ 37:8C þ 13:2D þ 7:6BC þ 6:1CD 
Table 3
Experimental results obtained at the end of the biodegradability assays with G. vermiculophylla samples after physical-pre-treatments.
Gracilaria vermiculophylla
± 26 338 ± 6 430 ± 17 481 ± 9 324 ± 6 349 ± 44 PM % 55 ± 5 63 ± 1 71 ± 3 79 ± 2 73 ± 1 78 ± 10 PS % 53 ± 5 61 ± 1 77 ± 3 87 ± 2 74 ± 2 79 ± 10 k d Where, B, C and D take values between À1 and 1 (Table 1) . Eq. (3)shows that the maximum value of COD s is reached with the significant parameters in its maximum value, i.e. C NaOH = 0.5 g g À1 TS, T = 90°C and P = 6 bar.
The effect of the significant interactions, BC and CD, on the soluble COD are graphically represented in Fig. 3 . The figures express the influence of the represented variables in the solubilisation of organic matter, i.e. to higher values of temperature, pressure and concentration of NaOH, corresponds higher CODs, in the interval studied. An important remark is that the increase in soluble COD obtained with P P 4 bar is almost negligible (Fig. 3b) , meaning that significant energy savings can be attained operating at <4 bar. It is also clear that the parameter with higher influence in the seaweed solubilisation is the Temperature.
Anaerobic biodegradability
Four samples of pre-treated G. vermiculophylla (Table 4) , with different initial soluble COD concentration (75, 59, 28 and 7 mg CODs g À1 seaweed), were added to vials and the specific methane production was determined. The total COD was kept constant while the initial soluble COD varied. The cumulative methane production profiles are shown in Fig. 2b .
No significant effects were observed in the biodegradability results. In fact, the BMP ranged from 353-380 L CH 4 kg À1 VS, the PM from 58% to 63%, and the final solubilisation percentage (pretreatment + anaerobic digestion) from 82% to 87%. The results show that the samples with low initial solubility were efficiently solubilised during the anaerobic digestion process, meaning that a prior maceration of the seaweed is more important than the thermochemical pre-treatment applied. However it should be noted the highest biodegradability constant rate (0.15 ± 0.02 d À1 ) of the assay with higher initial CODs compared with the assay with lowest initial CODs (0.11 ± 0.02 d
À1
). Therefore, the pre-treatment of the samples caused changes in the structure of the organic matter, which facilitated the initial production of methane. No inhibitions were found, the VFA varied between 0.22 and 0.34 g L À1 and the ammonium was between 0.96 and 1.03 g NH 4 + -N L
. Thermochemical pre-treatments have associated high energetic and reagents costs. Considering this fact and the results obtained during the anaerobic biodegradability of the pre-treated seaweed, it seems that these pre-treatments should be avoided because no significant impact/increase in terms of methane production will be obtained.
Co-digestion
G. vermiculophylla and glycerol
The cumulative methane production obtained in the co-digestion assays with G. vermiculophylla and varying percentages of glycerol (w/w) is presented in Fig. 2c . The absolute methane production increased with increasing percentages of glycerol, except in the assay with 20% glycerol, which was inhibited. The sample with 10% glycerol presented the highest methane production (1400 mg COD-CH 4 ), but a latent stage between days 10 and 25 was observed. Indeed, in the assays with high glycerol concentrations (10% and 20%) although the faster initial production of methane, subsequent latent phases were observed, and ultimately the methanogenesis step was inhibited.
The results at the end of the co-digestion assays are shown in Table 5 . The highest specific methane production was obtained in Note: The samples underlined were selected to use in the biodegradability assays. the assay with 2% glycerol (599 ± 16 L CH 4 kg À1 VS). This value represents an increase of 18% in the specific methane production compared with the value obtained in the sole digestion of G. vermiculophylla, i.e. in the test with 0% glycerol. In this assay almost all available substrate was converted to methane as indicated by the PM of 96 ± 3%. Analysing the results is possible to verify that the inhibitory effect started with the addition of 5% glycerol. With increasing concentrations of glycerol the accumulation of metabolites and toxic compounds caused increasingly inhibition effects, as seen by the decreasing values of BMP and PM and by the high concentrations of VFA, LCFA and NH 4 + -N (Table 5) . Thus, special attention should be considered when adding glycerol as co-substrate because, although it can be a powerful way to improve the methane production, it can easily inhibit the anaerobic digestion process if secure thresholds are exceeded. For instance, the VFA reached 4.7 ± 1.8 and 23.5 ± 3.0 g L À1 in the tests with 10% and 20% glycerol, respectively. These values are significantly higher than the 2 g L À1 , suggested as the limit of tolerance of methanogens to VFA (Nkemka and Murto, 2010) . Moreover, free ammonia concentration exceeded 110 mg NH 3 -N L À1 in the assays with 5% and 10% glycerol. According to Hansen et al. (1998) , inhibitory effects may be found with free ammonia concentration between 100 and 1100 mg L À1 .
3.4.2. G. vermiculophylla, sewage sludge and glycerol Anaerobic co-digestion assays were performed by using 15% TS of seaweed and 85% TS of sewage sludge and increasing concentrations (w/w) of glycerol. The seaweed to sludge ratio was optimized in a previous work of Costa et al. (2012b) and 15:85% (TS:TS) was found to be the ratio with the maximum specific methane production and production rate. The cumulative production is shown in Fig. 2d , while the final experimental results are shown in Table 6 . A significant increase in the specific methane production was observed with the co-digestion of seaweed and sewage sludge (605 ± 4 L CH 4 kg À1 VS) compared with the initial assays with only G. vermiculophylla. This result confirms the findings of Costa et al. (2012b) during co-digestion of Ulva sp. with sewage sludge. However, the subsequent addition of glycerol (2% and 5%) had no significant effect on the methane production, since the BMP varied between 605 and 611 L CH 4 kg À1 VS (Table 6 ). In the assay with 10% glycerol, a severe inhibition occurred probably due to the high concentration of VFA, LCFA and ammonia. The lowest specific methane production (277 ± 5 L CH 4 kg À1 VS) was obtained in this assay.
The results obtained in the present work are significantly higher than the ones found in Costa et al. (2012b) , where 294 L CH 4 kg À1 -VS were obtained in the co-digestion of cultivated G. vermiculophylla sample with mixed sludge. As stated in Section 3.2 the differences were caused by the use of an inoculum more active, a higher inoculum to substrate ratio and effective physical pre-treatment, consisting of washing and maceration steps.
Conclusions
Washing and maceration of G. vermiculophylla allow the highest specific methane production (481 ± 9 L CH 4 kg À1 VS) due to the removal of impurities and/or potential toxics and increased surface area of the substrate. Thermochemical pre-treatment had no positive effect on methane production, although the substrate solubilisation increased up to 44%. Co-digestion of G. vermiculophylla with glycerol or sewage proved to be promising alternatives. Addition of 2% glycerol increased the methane production to 599 ± 25 L CH 4 -kg À1 VS) and co-digestion with sewage sludge caused an increase to 605 ± 4 L CH 4 kg À1 VS. a Values determined by the exponential model using the data until day 24 (before the lag-phase). Table 6 Experimental results obtained at the end of the co-digestion assays of G. vermiculophylla (15% TS) and secondary sludge (85% TS) with glycerol. 
